Alaska caribou (Rangifer tarandus granti) in southwestern Alaska are a poorly understood system, with differing descriptions of their regional population structure, population abundance that has varied greatly through time and instances of the release of domestic reindeer (R. t. tarandus) into their range. Here, we use 21 microsatellites and 297 individuals to investigate the genetic population structure of herds and examine for population bottlenecks. Then, using genetic characteristics of existing reindeer populations, we examine introgression into the wild caribou populations. Caribou of the area are genetically diverse (H E between 0.69 and 0.84), with diversity decreasing along the Alaska Peninsula (AP). Using G ST and Jost's D, we find extensive structuring among all herds; Migrate-n finds that AP herds share few effective migrants with other herds, with Southern AP and Unimak Island herds having the least. Bayesian clustering techniques are able to resolve all but Denali and Mulchatna caribou herds. Using a conservative assignment threshold of q reindeer ≥ 0.2, 3% of caribou show signs of domestic introgression. Denali herd has the most introgressed individuals (6.9%); those caribou herds that were historically adjacent to smaller reindeer herds, or were historically without adjacent herding, show no admixture. This domestic introgression persists despite the lack of managed reindeer in the region since the 1940s. Our results suggest that despite previous movement data indicating metapopulation-like dispersal in this region, there may be unknown barriers to reproduction by dispersing individuals. Finally, our results support findings that wild and domestic Rangifer can hybridize and show this introgression may persist dozens of generations after domestics are no longer present. Subject areas: Conservation genetics and biodiversity; Population structure and phylogeography
Defined populations are important units in the demographic and genetic management of species. An increasing number of tools that genetically assign individuals to populations without a priori knowledge of population groupings have become available within the last decade, allowing managers to approach the vexing problem of delineating boundaries in what appear to be uniform assemblages of individuals (Pritchard et al. 2000; Corander et al. 2003) . In genetically diverse or highly mobile species, this may be difficult, as F ST values may be small and therefore population boundaries are difficult to infer (Latch et al. 2006; Schmidt et al. 2008) . Recent developments in genetic statistics may allow us to correct for high levels of diversity and more accurately describe population genetic structure (Hedrick and Goodnight 2005; Jost 2008 ).
Alaskan caribou (Rangifer tarandus granti) are currently managed on the basis of herds, which are defined by female fidelity to a calving ground (Skoog 1968) . However, herd ranges may shift, and herds may split, join with other herds, or collapse entirely (Skoog 1968; Hinkes et al. 2005; Joly et al. 2011) . Additionally, the soundness of the caribou herd, as a construct, remains unclear, as authors have documented both short-term mixing (Hinkes et al. 2005 ) and long-term genetic homogenization in wild caribou herds (Cronin et al. 2003; Mager et al. 2013) . However, there is also evidence that, in many cases, caribou herds represent demographically important units and would therefore represent the appropriate grouping for wildlife conservation and management (Valkenberg 2002) . Our objective is to apply genetic analyses to a set of relatively well-studied caribou herds in southwestern Alaska and on the Alaska Peninsula (hereafter AP), United States, to determine if herds represent distinct populations, to assess herd interconnectivity, and to test for the signal of specific demographic events within select herds.
The AP has been considered marginal caribou habitat due to the severe icing conditions and ash-fall from frequent volcanic eruptions (Skoog 1968) . Nonetheless, there are 2 recognized herds on the peninsula (Figure 1 )-the Northern Alaska Peninsula caribou herd (NAP) and the Southern Alaska Peninsula caribou herd (SAP)-as well as the Unimak caribou herd on Unimak Island at the southern terminus of the peninsula. All the herds in southwestern and interior Alaska are classified as having the mountain ecotype (Festa-Bianchet et al. 2011) , although the Unimak caribou herd is highly constrained in its possible movements and may be considered sedentary mountain under this classification scheme.
Recently, caribou herds on the AP have demonstrated considerable changes in abundance, with estimates ranging from 2000 caribou to 20 000 in the NAP (Butler 2007a) and between 500 and 10 000 in the SAP (Butler 2007b) . The Unimak caribou herd has varied somewhat less in magnitude, from 300 to 5000 caribou (Butler 2007c ). The Unimak caribou herd may have collapsed in 1949, when a survey reported zero caribou, as did a second survey in 1953. However, it is difficult to ascertain the accuracy or precision of these estimates (Skoog 1968; Fish and Wildlife Service 2010) . In 1960, 7 years after reporting no caribou, a survey reported 1000 on the island (Skoog 1968) . Those caribou may have been remnants of the original herd or may have resulted from immigration from the AP. Between the early 1980s and the mid-to-late 1990s, another southwestern herd, the Mulchatna, was recovered from a low census, and in doing so expanded into the adjoining, much smaller, Kilbuck caribou herd. Nushagak herd was created by the Alaska Department of Fish and Game and the US Fish and Wildlife Service in 1988 (i.e ., approximately 6 generations ago) via translocation of 146 caribou captured in NAP range (Paul 2009 ).
Previous work suggests that there may be some degree of population structure among southwestern caribou herds (Zittlau 2004) ; however, work using radio collars instead suggested considerable exchange of individuals among some herds (Hinkes et al. 2005) . Whether these extreme fluctuations in herd size have caused an appreciable loss in diversity is an open question. Additionally, whether there is a longterm population structure among all the southwestern herds remains unclear.
Reindeer (Rangifer tarandus tarandus) are a Eurasian subspecies that was separated from North American Rangifer since at least the flooding of the Bering Land Bridge after the last glacial maximum (Flagstad et al. 1999; Flagstad and Røed 2003) ; reindeer were thought to have been independently domesticated on at least three occasions (Røed et al. 2008) . Reindeer were introduced into Alaska from domestic Siberian herds in 1891 in an attempt to introduce an alternate food source and pastoralism to Alaska Natives on the Seward Peninsula (Stern et al. 1980) . Reindeer were subsequently translocated from the Seward Peninsula to a variety of locations within Alaska, including introductions from the Seward Peninsula to Kodiak Island, Umnak Island, Nunivak Island, Atka Island, Cantwell, and other locations (Skoog 1968; Klein 1980; Stern et al. 1980) . Reindeer herding in Alaska underwent a subsequent decline through the 1940s and resulted in a general collapse of the industry, except on the Seward Peninsula (Stern et al. 1980) . One reason for the decline was the consistent loss of reindeer to migratory caribou herds. In turn, the economic collapse of herding left reindeer untended and more able to mix with caribou herds in some areas (Lantis 1950; Stern et al. 1980 ). There are anecdotal reports that some caribou in Southwest Alaska appear and behave like reindeer (Vinson D, personal communication), suggesting that wild caribou herds may have hybridized with these unattended reindeer.
Domestic introgression is a matter of concern for a variety of wild species. Through hybridization with wild species, domestic species can introduce nonnative genetic variability, and break up coadapted gene complexes (Simberloff 1996) . Individuals with domestic genes can become locally abundant and disrupt local adaptations (Randi 2008) , and ongoing domestic introgression has been a contributing factor in the decline of several threatened species (Randi and Lucchini 2002; Oliveira et al. 2008) . In closely related species or subspecies, Bayesian assignment techniques have become popular in detecting otherwise cryptic admixture, allowing managers to identify regions of high domestic gene load (Randi and Lucchini 2002; Barilani et al. 2007; Oliveira et al. 2008; Marie et al. 2011; Mager et al. 2013) .
Reindeer mitochondrial haplotypes and microsatellite evidence of reindeer introgression have been detected within northern Alaska caribou herds (Cronin et al. 2005 (Cronin et al. , 2006 Mager et al. 2013) , suggesting that introgression from reindeer occurred to some extent. Wild caribou populations in Nuuk, Greenland, also appear to show evidence of introgressive hybridization with domesticated reindeer (Jepsen et al. 2002) . However, previous research has suggested that introgression of reindeer genes into caribou herds would generally be limited in time, would be swamped by caribou genes from adjacent herds, and would be further purged through selection against reindeer morphological and behavioral characteristics (Skoog 1968; Klein 1980; Stern et al. 1980; Røed and Whitten 1986; Finstad et al. 2002) . Reindeer have behavioral and physical characteristics owing to artificial selection for superior meat animals, which are likely poorly adapted for unmanaged conditions (Skoog 1968; Klein 1980) ; additionally, reindeer show diminished cortisol responses compared with caribou (Ashley et al. 2013) , which may lead to differences in antipredator behavior. The introgression documented thus far has been within herds where the number of caribou at the time of the collapse of herding was thought sufficiently large to swamp potential introgression and that have maintained some degree of contact with domestic herds. Caribou herds on the AP were at population lows during the collapse of reindeer herding between 1940 and 1950 (Skoog 1968) , but unlike sites on Alaska's North Slope have had no subsequent exposure to reindeer afterwards. We sought to quantify the level of introgression of reindeer genetic material into caribou herds in our study sites, partly because an analysis of population structure would be incomplete without accounting for domestic introgression.
Here, we attempt to examine natural caribou populations across southwestern Alaska using microsatellites in order to examine regional genetic structure and the exchange of migrants. Our goal was to assess the validity of herds as genetic populations in an attempt to clarify the regional population structure. Additionally, we examined spatial patterns of diversity and tested for the genetic signature of possible past population bottlenecks in herds so as to increase our understanding of the demographic history of these edge populations. Our final goal was to assess whether portions of the reindeer genome were successfully incorporated into native caribou herds, and, if so, to show patterns of that introgression both among and within herds. We hypothesized that caribou herds adjacent to historic reindeer areas would show evidence of introgression, consistent with findings from other populations (Jepsen et al. 2002; Cronin et al. 2005; Mager et al. 2013 ).
Methods
Whole blood and tissue samples were collected by agency biologists and by the authors between 1997 and 2011. Blood was collected in evacuated tubes with EDTA. We extracted DNA using the DNeasy Tissue Kit (Qiagen Inc. Valencia, CA) from the blood or tissue of 297 individuals, comprising 67 reindeer and 230 caribou. The caribou sample comprised the Denali caribou herd (n = 29), Mulchatna caribou herd (n = 77), NAP caribou herd (n = 72), Nushagak Peninsula caribou herd (n = 5), SAP caribou herd (n = 30), and Unimak Island caribou herd (n = 17). Reindeer samples came from the Ongtowasruk herd (n = 43) and the Davis herd (n = 13) on the Seward Peninsula, a feral reindeer herd on Kodiak Island (n = 8) and earmarked reindeer found within the Western Arctic Herd's wintering grounds (n = 3). Blood, tissue, and DNA were stored at −80°C until analysis.
We used 21 microsatellites in 3 multiplexed polymerase chain reactions (PCRs). Mutiplex 1 contained RT6, RT27, and RT1 (Wilson et al. 1997) , OheD and OheQ (Jones et al. 2000) , NVHRT30 (Røed and Midthjell 1998) ), BM6506 and BM4513 (Bishop et al. 1994) , FCB193 (Steffen et al. 1993) , and OARFCB193 (Buchanan and Crawford 1993) . Multiplex 2 contained RT9, RT7, and RT24 (Wilson et al. 1997) , NVHRT16 (Røed and Midthjell 1998) , and CRH (Moore et al. 1992) . Multiplex 3 contained RT10 and RT30 (Wilson et al. 1997) , BL42 (Bishop et al. 1994 ), BMS745 and BMS1788 (Stone et al. 1995) , TEXAN4 (Holder et al. 1994) , and C89 (Jones et al. 2000) . Markers were selected based upon their ability to effectively multiplex with other markers, their inclusion in other studies, as well as known polymorphism in Rangifer. RT9 was modified to improve PCR characteristics by lengthening the primer pair (D. Petkau, personal communication). Our PCRs were 10 µL in total, consisting of 5 µL Qiagen Mutliplex Master Mix®, 1 µL of the multiplex primer solution containing each primer at 2 µM, 1.5 µL DNA template, and 2.5 µL sterile water. Each reaction was incubated at 95 °C for 15 min before undergoing 30 cycles of 30 s of 94 °C, 30 s of 57° C, and 1 min of 72° C. The 30 cycles were followed by a 30-min extension at 72° C, followed by a hold at 4° C.
Reactions were analyzed using either an ABI 3100 Genetic Analyzer or an ABI 3730xl (Applied Biosystems, Foster City, CA), using a 500bp size standard. Each sample was amplified twice for each multiplex, with electropherograms being scored through GeneMapper 3.7 software® (Applied Biosystems, Foster City, CA). Some samples were run on both analyzers to ensure the compatibility of results.
Samples were examined for deviations from HardyWeinberg equilibrium (HWE) expectations on a per-population, per-locus basis using the program Genepop v4.0 (Raymond and Rousset 1995) . Markers with significant deviations from HWE were excluded for all subsequent analyses except where specifically noted. Markers were also examined for the presence of null alleles using Micro-Checker v2.2.3 (van Oosterhout et al. 2004) . We computed observed heterozygosity (H O ), subpopulation expected heterozygosity (H S ), subpopulation inbreeding coefficient (G IS ) and number of alleles (A) in GenoDive (Meirmans and Van Tienderen 2004) , and rarifacted allelic richness (A 5 ) across all loci, as well as examined for linkage disequilibrium among loci using FSTAT v2.9.3.2 (Goudet 1995) .
We examined population subdivision by computing G ST for each herd pair using the program GenoDive v2.0b23 (Meirmans and Van Tienderen 2004) , and Jost's D (Jost 2008) using the R package DEMEtics (Gerlach et al. 2010 ). Jost's D appears to be a more accurate measure of population subdivision in high-diversity species (Gerlach et al. 2010 ), but G ST may yield some information on migration under the finiteisland model (Ryman and Leimar 2009; Leng and Zhang 2011) and is included for comparison to previous studies (Ryman and Leimar 2009; Leng and Zhang 2011) . The significance values for both Jost's D and G ST were Bonferronicorrected (Rice 1989) . We tested for isolation by distance using GenoDive (Meirmans and Van Tienderen 2004) to perform the Mantel test (Mantel 1967 ) on a matrix containing natural log-transformed Euclidian distance between herd range centroids (Alaska Department of Fish and Game, unpublished data) and G ST /(1 − G ST ) (Rousset 1997 ) with 9 × 10 4 permutations to test for significance. Reindeer were excluded from this analysis because their presence in Alaska is not the result of natural processes. Additionally, we hypothesize that the distance from populous sources of genetic diversity is linked with declining herd diversity through barriers to dispersal or potential serial founding events. To test this, we examined whether diversity declined with increasing distance from the Denali herd, a herd with a large number of adjoining herds in the center of Alaska, and a representative source of diversity for its region (data not shown). We used linear regression as implemented in the program R (R Development Core Team 2012).
To assess the rate of long-term exchange between herds, we employed the program Migrate-n 3.2.15 Felsenstein 1999, 2001 ) to calculate effective migrants per generation, 4N e m. We used the Bayesian inference strategy, allowing mutation rates to vary among loci, and uniform prior distributions of θ and M. In the long chain, we recorded 3.5 × 10 4 steps with a sampling increment of 100 steps after a 5 × 10 4 step burn-in, and the results were averaged across 4 runs. We repeated the analysis to check for convergence and repeated the analysis with changed settings to examine for dependence of results on the priors. The Nushagak herd was excluded from this analysis due to low sample size, and reindeer were not included as any potential introgression would have been a one-time event for each population (Stern et al. 1980) and not due to long-term connectivity with reindeer herds. We considered populations to exhibit evidence of connectivity if the posterior estimate's lower 95% credibility interval did not encompass 0.
We tested for the presence of population subdivision using the program Structure v2.3.3 (Pritchard et al. 2000 ) using the admixture model and correlated cluster allele frequencies. All loci were included in these analyses. We used a burn-in of 1 × 10 5 iterations, followed by 7 × 10 5 Markov chain Monte Carlo (MCMC) repetitions after burn-in. Simulation results were examined to ensure convergence. Number of clusters, K, was simulated between 1 and 10 six times each, where we compared the maximum likelihood K solution to the solution with the highest second-order rate of change (Evanno et al. 2005) as implemented in STRUCTURE HARVESTER (Earl and vonHoldt 2012) .
We further examined the data using a hierarchical STRUCTURE analysis (Vähä et al. 2007 ) to account for both inter and intra subspecies structure. Individuals were divided into groups corresponding to their maximal assignment from the best solution of K and were re-analyzed separately in STRUCTURE using the same parameters as the initial run, but only varying K between 1 and 5. Individuals without q > 0.5 to any cluster were discarded for subsequent rounds of analysis. K was assigned in subsequent rounds using the ∆K method (Evanno et al. 2005) in conjunction with the absolute ln P(X | K).
Previous work has indicated that there may be differences in performance between Bayesian assignment packages and that running and comparing the results of multiple methods may be informative (Latch et al. 2006) . For this reason, we also performed the clustering analysis in the program BAPS (Corander et al. 2003) . We performed 10 analyses in BAPS, using a maximum K of twice the number of sampling sources, or K = 14. For the admixture analysis, we used a minimum number of 5 individuals per cluster, 5 × 10 4 iterations, 25 reference individuals from each cluster, and 1 × 10 3 iterations for reference individuals. Additionally, we performed k-means clustering as implemented in the program GenoDive (Meirmans and Van Tienderen 2004) , clustering by within-individual allele frequencies using 1 × 10 6 simulated annealing steps varying K between 1 and 10. We evaluated the most likely number of clusters using both pseudo-F (Calinski and Harabasz 1974) and the Bayesian information criterion (BIC). To examine admixture between reindeer and caribou, we used the program STRUCTURE, assuming K = 2, with the same models and settings as in the hierarchical analysis, but with a burn-in of 5 × 10 5 and 1.5 × 10 6 subsequent MCMC repetitions after burn-in. We constructed a table of the percent of individuals in each caribou herd above arbitrary values of proportions assigned to the cluster corresponding to reindeer, including generalized thresholds found through simulative study (Pritchard et al. 2000; Vähä and Primmer 2006) .
To examine the potential presence of past demographic bottlenecks within individual caribou herds, we examined the data using the M-ratio (Garza and Williamson 2001) . We employed M-ratio because, compared with alternatives, this approach appears to be sensitive to historic bottlenecks (Hundertmark and vanDaele 2010) and has greater statistical power for scenarios with bottlenecks ≥ 10 generations, larger postbottleneck N, and for prebottleneck θ > 1 (Peery et al. 2012) . In order to evaluate the significance of the M-ratio value, we compared our resultant herd M-ratios to both a recommended critical value, as well as calculating a herdspecific critical value (M C ) at α = 0.05, using the program Critical_M.exe (Garza and Williamson 2001) . For Critical_M. exe, we used a conservative two-phased model (Di Rienzo et al. 1994; Garza and Williamson 2001) , consisting of 90% single-step mutations (Kimura and Ohta 1978) and 10% multistep assuming a variance in size of multistep mutation (σ g 2 ) of 12. Given that prebottleneck θ (4N e µ) is an unknown parameter in our populations, for Critical_M.exe, we varied θ between 0.1, 0.25, and 0.5, as well as ×10 and ×100 the base values, to encompass θ spanning 3 orders of magnitude. The Nushagak herd was excluded from these analyses due to low sample size.
The principle data underlying these analyses was deposited in Dryad, pursuant to this journal's data archiving guidelines (Baker 2013) .
Results
Micro-Checker did not find any loci with significant signs of null alleles. Of the 21 loci, 6 were globally out of HWE: RT27, FCB193, NVHRT16, CRH, and BL42. When these loci were removed, no herds deviated from HWE expectations. There was no significant linkage disequilibrium after Bonferroni correction. Diversity was generally high, with an average H S of 0.79, and A 5 varying between 3.95 and 5.62, with an across-population A 5 = 5.66 (Table 1) . No herds had a value of G IS significantly different from 0. Mantel's test also found that herds exhibit a strong pattern of isolation by distance (r = 0.66, P = 0.014). Allelic richness also declined with herds located farther down the AP (P = 0.016).
Pairwise values of Jost's D were considerably higher than those for G ST , varying between 0 and 0.472 (Table 2 ). There was a strong correlation between G ST and Jost's D (r 2 = 0.95). For both G ST and Jost's D, all pairwise values were significant except for the NAP-Nushagak pair, which was 0 for both statistics. The apparent lack of differentiation between the 2 herds must be interpreted with caution, however, given the low sample size in the Nushagak caribou herd. The G statistic showed an identical pattern of differentiation, with all pairwise combinations being significant (P < 0.001) except for the NAP-Nushagak pair (P = 0.517). Results from Migrate-n suggest that most herds have some limited form of population exchange, with the exception of Unimak and SAP, where effective migrants rates to or from the herds could not be distinguished from 0 (Table 3) . STRUCTURE found similar signals of population subdivision, with K = 4 being most favored by the ∆K method for the first round of assignments. This generally represented a cluster of 1) reindeer, 2) Mulchatna and Denali, 3) NAP and Nushagak, and 4) SAP and Unimak herds (Figure 2a) . Subsequent iterations of STRUCTURE found that the SAPUnimak cluster could be decomposed further into 2 clusters, and the primarily reindeer cluster could be decomposed into a Seward Peninsula reindeer component and a Kodiak Island reindeer component (Figure 2b ). The cluster primarily comprising Mulchatna and Denali herds did not decompose into 2 clusters in a way that met our criteria for having hierarchical structure, but K = 2 showed signs that there may be structuring between the 2 herds (Mulchatna caribou herd assignment to q 1 = 0.401 q 2 = 0.599, Denali q 1 = 0.743 q 2 = 0.257) and the difference in likelihood between K = 1 and K = 2 was small (1%). The primarily NAP-Nushagak cluster could not be further decomposed.
BAPS solved for an optimal K = 5 clusters largely corresponding to Seward peninsula reindeer, Kodiak Island reindeer, Mulchatna and Denali, NAP and Nushagak, and SAP and Unimak (Figure 2c ). Population structure was considerably more distinct, and few individuals showed signs of admixture with other clusters. However, 4 individuals were assigned some membership to another cluster by BAPS. The k-means clustering analysis implemented in GenoDive found that the best solution according to pseudo-F (Calinski and Harabasz 1974) was K = 2, corresponding to the reindeer and caribou subspecific designation, with 89.4% of variation being within clusters. However, the best solution according to BIC was K = 4. Both K = 5 and K = 3 had considerable support (∆BIC < 2).
Using a conservative value of q reindeer ≥ 0.2 proportional assignment as a criterion for identifying admixed individuals Primmer 2006, Bohling et al. 2013) , our admixture analysis identified 3% of total caribou as containing admixture (Table 4) . Denali showed the highest overall assignment to the reindeer cluster (6.9%), whereas Nushagak, SAP, and Unimak caribou herd contained no individuals with proportional assignment ≥ 20% to the cluster corresponding to reindeer. Only 1 caribou, in Mulchatna, had a q reindeer with a credibility interval that did not encompass 0. At ≥5% proportional assignment, all herds identified putative introgressed individuals except SAP and Nushagak.
The M-ratio varied between 0.52 (Unimak) and 0.82 (reindeer). Two populations, SAP and Unimak, had M-ratios less than the generic critical value of 0.68, indicating that populations have gone through substantial reductions in effective population size in their past (Garza and Williamson 2001) . Using Critical_M.exe to find an appropriate critical value, we find that Denali would require a prebottleneck θ < 10 for it to currently show significant signs of having undergone an effective population reduction. SAP and NAP require θ < 100, which is highly likely, whereas Mulchatna and Unimak require θ < 2.5, and reindeer require θ < 1. Mulchatna and the reindeer ancestral populations doubtlessly exceed these values of θ, whereas it is plausible that Unimak has a prebottleneck ancestral θ < 2.5. It is unclear whether Denali would have a prebottleneck ancestral θ of 10 or less; with a µ of 1 × 10 -4 , this would correspond to N e of 2.5 × 10 3 , which may be possible for some reported N e :N ratios found in other ungulate species (Frankham 1995) .
Discussion
Our analyses support the existence of strong genetic population structure among southwestern Alaska caribou herds that corresponds to the existing herd designations. Diversity was generally high among the herds in this study (Table 1) compared with western and southern Canadian caribou populations (Weckworth et al. 2012 ), but slightly lower than those found in other R. t. granti using many of the same markers (R.t. granti average H S = 0.87; Zittlau 2004; Weckworth et al. 2012 ). In general, there was strong correlation between Jost's D and G ST (r 2 = 0.95), but considering that the high absolute value of H S (average H S = 0.79) in most of our populations would constrain G ST to a small range of low values (Hedrick and Goodnight 2005) , we favor the use of Jost's D as more accurately describing differentiation among herds. The only herd pair that showed no sign of genetic differentiation is NAP and Nushagak (Table 2) . Nushagak has a low sample size (n = 5), and so results including that herd must be interpreted with caution. However, Nushagak was created approximately 6 generations ago via translocation of 146 caribou captured in NAP caribou herd range (Paul 2009 ). Such a large and successful transplant would invariably capture a large portion of the diversity of the source herd, thus minimizing genetic differentiation (Frankham et al. 2009 ). Alternatively, migrants from NAP caribou herd could homogenize any genetic identity that Nushagak may develop. However, given the time since the transplant and the large number of animals involved, we favor the former interpretation.
The next smallest value of Jost's D is 0.059 between Denali and Mulchatna. The low level of differentiation between the 2 herds, as evidenced by the inability of STRUCTURE to resolve the herd pair (Figure 2a) , may stem from exchange between the 2 herds via the intermediary herds, the Rainy Pass caribou herd and Beaver Mountain caribou herd, or it may reflect that since divergence an unknown number of generations ago, each herd has maintained a sufficient effective population size to retain much of their diversity in a manner similar to ancestral composition. However, under the second scenario, we may expect Jost's D to be larger than we observe because the value of Jost's D is expected to increase faster than F ST and related metrics in the matter of divergence from high heterozygosity ancestral populations, such as caribou (Leng and Zhang 2011) . Indeed, the remainder of the herds shows high values of Jost's D, indicating strong genetic structure, and results from Migrate-n support strong differentiation from low migration rates (Table 3) . The largest 1-way migration rate was 13.53 effective migrants per generation, or, assuming 4-year generation times, 3.38 effective migrants per year. This is a small amount of immigration relative to the overall size of southwestern Alaska caribou herds. Migration rates appear to decline with distance, indicating that although caribou are capable of very long distance migration between populations (Cronin et al. 2005; Mager et al. 2013) , in this system distance is more isolating than one would expect given the level of dispersal found in other regions. Boreal and mountain caribou ecotype populations differ from barren ground caribou in many key population structure parameters (Courtois et al. 2003; Boulet et al. 2007) ; the differing ecotypes between the mountain type caribou in this study and the more migratory caribou on Alaska's North Slope may be a factor in the observed differences. The habitat in our study area is also of lower quality than habitat in the remainder of the state (Skoog 1968) , more rugged, with the east coast of the AP being dominated by a volcanic range.
The linear structure of much of the region might constrain dispersal between herds.
These results support initial genetic findings in the region (Zittlau 2004) but are in stark contrast to recent studies using radio telemetry, which found elevated rates of exchange between populations (Hinkes et al. 2005 ). In the Hinkes et al. (2005) study, collars were deployed on females (Dale B, personal communication), who tend to be philopatric. This may have lead to an underestimation of herd mixing through having excluded males. It is likely that radio telemetry studies reflect short-term processes that possibly only occur at specific population sizes or range conditions. It is possible that the high rate of exchange seen by Hinkes et al. (2005) reflects real, long-term processes, but that migrants may suffer barriers to reproductive success. Under this scenario, migration need not be fitness reducing, so long as migrants achieve greater reproductive success in their new herds than in their source population while having less lifetime reproductive success than individuals from the recipient population. It is of interest to note that populations with no discernable interchange (Table 3 ) align with anecdotal observations that those herds generally do not receive migrants (Skoog 1968) , whereas those with nonzero values of 4N e m correspond to populations where interchange has been implicated (Hinkes et al. 2005) .
Population bottlenecks, especially on the AP, can hasten the formation of population structure through reducing the number of potential migrants between populations and through the loss of extant diversity, both factors facilitating genetic drift. This is exacerbated in populations that have little gene flow with their neighbors, such as those on the AP. It has been suggested that the M-ratio reflects longer term processes (Hundertmark and van Daele 2010) . All 3 AP herds show signs of historic population reductions from the M-ratio. Historic sources report periods of regional absences and population lows on the AP, with volcanism playing an important role in suppressing caribou abundance (Leopold and Fraser 1953) . Also, adjacent reindeer herding activities may have created sinks or barriers to more distant dispersal causing isolation from nonpeninsular herds (Skoog 1968) . The proposed importance of these periods of isolation is supported by the decline in diversity with increasing distance from the center of the state. This, combined with the strong signal of population bottlenecks found in all 3 AP herds, suggests that the modern population fluctuations observed within AP herds (Butler 2007a (Butler , 2007b (Butler , 2007c may be due to large variance inherent to caribou ecology on the AP and not a purely modern phenomenon. As diversity declines due to reoccurring population bottlenecks, it may be difficult for herds to recover through immigration, especially in those located furthest south along the AP. In light of current conservation concerns surrounding the extremely biased sex ratio and the low population estimate for Unimak Island (Fish and Wildlife Service 2010) , our analysis supports Unimak Island caribou herd as being a distinct population with little population exchange with adjoining herds (Table 2 ). It is experiencing or has recently undergone a reduction in effective population size, and it contains the lowest diversity of any of our studied herds (Table 1 ) and one of the lowest among previously studied herds in Alaska (Cronin et al. 2003; Zittlau 2004; Weckworth et al. 2012) . In studies with comparable markers, only Galena Mountain Caribou herd has been shown to have a lower H S but with a considerably lower sample size (n = 8; Weckworth et al. 2012) . Given its long-term persistence (Skoog 1968) , and morphological (Banfield 1961) and genetic character (this study), it may possess some degree of adaptation to local conditions, which would make it a priority for conservation in the region. We strongly recommend genetic considerations be taken into account if rescue breeding is chosen for this population.
As has been previously reported (Latch et al. 2006 , Wilkinson et al. 2011 , Bohling et al. 2013 , we found that differing assignment methods seem to resolve differentiation between herds in quite dissimilar manners. STRUCTURE found K = 4 as the best solution both through ∆K (Evanno et al. 2005 ) and through maximum likelihood (Pritchard et al. 2000) . However, this solution failed to resolve the presence of the Unimak caribou herd, the Mulchatna caribou herd, and the Denali caribou herd as separate demes, and the Kodiak Island reindeer as a separate deme (Figure 2a ). When we employed the hierarchical STRUCTURE analysis (Vähä et al. 2007 ), we were able to resolve substantial structure within clusters, successfully identifying all herds except for Denali and Mulchatna caribou herds, likely due to the low G ST between the pair (Figure 2b) . BAPS recognized the existence of Kodiak Island reindeer as a separate deme but failed to recognize the distinctiveness of the Unimak caribou herd, the Mulchatna caribou herd, and the Denali caribou herd (Figure 2c ). Traditional metrics successfully resolved all caribou herds, but there was no indication of the Wahlund effect (Frankham et al. 2009 ) within the reindeer samples, so the presence of the Kodiak Island reindeer as a separate deme went unrecognized. Although Mulchatna is recognized to have recently merged with the Kilbuck herd (Hinkes et al. 2005) , there is no evidence of Kilbuck's genetic signature among our samples at the time sampling occurred. This may be because Mulchatna and Kilbuck had a similar genetic composition before merging or because Mulchatna has completely subsumed Kilbuck's signature via gene swamping.
The results from STRUCTURE provide supporting evidence for the introgression of domestic genes from reindeer to caribou as a consequence of regional reindeer herding and its subsequent collapse. The pattern of percent assignment (Table 4) appears to follow patterns similar to the pattern of reindeer herding in the region (Stern et al. 1980) . Cantwell contained a reindeer herd of 1437 reindeer in 1922 until 1928 when herding activities ceased due to constant problems with caribou mixing with reindeer (Stern et al. 1980) . Similarly, the region around Bethel, Alaska, was a major hub for reindeer herding outside the Seward Peninsula, with the first herd being established in 1901, with considerable numbers of reindeer until ca. 1949, when it was reported as having likely strayed from herders (Lantis 1950; Stern et al. 1980) . Reindeer herding in the AP area collapsed before 1940 at a time where wild caribou were reported at a population low of ca. 2000 (Skoog 1968 ). Unimak Island contained reindeer at ca. 1940 (Burdick 1940) , although the exact number is not clear. The low level of introgression on Unimak Island suggests that either few reindeer were released or that contact between caribou and reindeer was limited (Table 4 ). The southern AP was somewhat protected from the presence of reindeer, although there were nearby reindeer at Port Moller (Skoog 1968) .
Although previous work suggested very limited introgression in Alaskan herds (Røed and Whitten 1986 ), here we document what appears to be widespread but low levels of domestic introgression into wild herds approximately 70 years after the end of managed reindeer herding in the region. Although previous work hypothesizes that hybrid individuals would be selected against (Skoog 1968; Klein 1980) , we have no evidence that they are less fit than their nonintrogressed counterparts. Northern Alaskan caribou herds with substantial evidence of introgression have experienced population growth in recent decades (Mager et al. 2013) . Owing to the selection of neutral markers, we can only state with some certainty that nonnative neutral alleles are present in wild populations. We cannot suppose anything about functional loci without assuming that neutral diversity represents the presence of functional loci as well, which may not be an appropriate assumption with microsatellite loci (Ljungqvist et al. 2010) . Although the removal of nonnative diversity may be a priority, the difficulty in detecting and then subsequently removing hybrid individuals may make this logistically impossible.
Higher density markers such as single nucleotide polymorphisms are needed to most accurately elucidate the extent of domestic introgression within wild herds, along with new tools to more accurately quantify low levels of admixture where pure reference populations may not be available. Credibility intervals as currently implemented in STRUCTURE appear to underestimate admixture, as despite the presence of several quarter-admixed-or-greater individuals, only 1 caribou had a credibility interval that did not encompass 0 admixture. We do not believe that assignment erroneously arises from shared ancestral polymorphisms due to the time since separation, as 3 individuals hunted within the Western Arctic Herd identified as reindeer using this method were later found to have reindeer herding ear marks (Mager et al. 2013) . Even with a very conservative threshold for identifying hybrids of q reindeer ≥ 0.2 or 0.25, 3 herds still show signs of domestic introgression; other authors suggest lower thresholds for identifying introgression, such as q ≥ 0.1 (Vähä and Primmer 2006) or 0.125 (Bohling et al. 2013) , which shows a larger proportion of admixed individuals when used in our populations (Table 4) . However, most such recommendations are derived ad hoc, and a need for a less ad hoc method for accurately assessing uncertainty in assignment remains.
Here, we have identified genetic population structure in the southwestern Alaskan caribou herds and assessed longterm migration between them. Given the correspondence between herds and distinct populations, and the low rate of effective migrant exchange, we suggest that a metapopulation is not a completely accurate model of herd structure in this area, as it fails to anticipate barriers to effective migration between herds. Status quo, herd-based management units appear to align neatly with regional structure, similar to boreal and mountain ecotype populations of R. t. caribou (Serrouya et al. 2012 , Weckworth et al. 2012 ), but unlike migratory ecotype R. t. granti herds on Alaska's North Slope (Cronin et al. 2005 , Weckworth et al. 2012 , Mager et al. 2013 or interior (Weckworth et al. 2012) . Previous research has found ecotype may be a major factor in the formation and maintenance of population structure (Courtois et al. 2003; Boulet et al. 2007) , and it is possible that the ecotype of R. t. granti herds is an important aspect of genetic population formation.
The analyses of this study also suggest that 3 herds appear to have undergone significant population contractions in their history. As management of AP caribou herds becomes increasingly important, it is crucial to understand the role of past bottlenecks in understanding the ecology of the herds. Additionally, an understanding of population structure and relatedness allows for more informed management decisions in undertaking population rescue, especially with special respect to the translocation of individuals. Finally, our data suggest that some caribou herds in southwestern Alaska, and at least one herd in interior Alaska, carry a burden of domestic introgression from historic reindeer herding. This introgression persists, despite approximately 70 years of time since the end of managed reindeer herding in the region. The hybridization of domestic animals with wild animals is of global concern, and the long-term impact of such hybridization in caribou is not fully understood. Further work is needed to develop better tools for detecting introgression in situations where reference populations are not available, so the issue may be fully explored. These findings also suggest that future reindeer herding activity in caribou range should be carefully managed to avoid potential genetic impacts on wild caribou.
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